A candidate gene approach has finally identified the 3,4-dehydrogenase that converts vitamin A 1 into vitamin A 2 to supply the chromophore for rhodopsin that freshwater vertebrates need for long-wavelength vision.
When I was a graduate student at Harvard many years ago, Paul Brown in George Wald's lab encouraged me to put a freshly dissected retina of a toad on the stage of a light microscope. I can still remember watching the deep red of the rods slowly change to pink and then fade away ('bleach') from the light of the microscope. Boll and Kü hne [1, 2] first did this experiment in the late 1870s, and we now know that the color in the rods is produced by the photopigment we call rhodopsin, from the ancient Greek rόdon for ''rose''. In 1880, Kü hne and Sewall [3] made the surprising discovery that rods in a freshwater fish have a different color, more like purple, and in 1939, George Wald [4] showed that these rods look purple because they contain a photopigment he called porphyropsin (from the Greek for purple), with a maximal absorption (l max ) shifted 20-30 nm to longer wavelengths. We now know that these two pigments are different because many freshwater species use a novel form of 11-cis retinal called retinal 2 and, in this issue of Current Biology, Enright et al. [5] report the discovery of the enzyme that makes it.
Visual pigments have two parts: a protein component called opsin, or more often now rhodopsin, and a prosthetic group or chromophore derived from vitamin A which is covalently bound to the protein. In most vertebrates, the chromophore is 11-cis retinal or retinal 1 , but in many freshwater vertebrates the chromophore is 11-cis 3,4-didehydroretinal or retinal 2 ( Figure 1A) . The difference is a single additional double bond on the ring, which increases the p-electron cloud of the conjugated double-bond system and permits excitation at lower energies and therefore longer wavelengths. The same protein component can be combined with either retinal 1 or retinal 2 , and the retinal 2 -based pigment will have an action spectrum that is broader and shifted towards the red (for example [6, 7] ).
Among the vertebrates, retinal 2 is found only in freshwater lamprey, fishes, amphibians, and reptiles [8] . The most likely explanation is that fresh water is often turbid and produces greater Raleigh scattering of light at shorter wavelengths [9] . Longer wavelengths are therefore less likely to be scattered and can provide a clearer view with a longer reach through the murk. In many amphibians, the larval stage (or tadpole) has retinal 2 and the adult retinal 1 . In the bullfrog, which often floats and swims at the surface of the water with its eyes just above the waterline (Figure 1B) , the dorsal retina retains retinal 2 but the ventral retina has only retinal 1 [9] . Rhodopsin containing retinal 2 in the dorsal retina may help the frog visualize crayfish in the turbid water below, whereas retinal 1 -based rhodopsin in the ventral retina could be used to spot objects in the air such as flying insects or possible predators.
Since these discoveries were made nearly 50 years ago, we have wondered how retinal 2 is made and how its synthesis is controlled. There have been clear indications that the enzyme responsible for converting vitamin A 1 into vitamin A 2 is found predominantly in the eye [10] and localized to the retinal pigment epithelium [9] . But what is this enzyme and how does it function? How can the bullfrog control its expression so that the two halves of the retina have such different spectral sensitivities?
Some of the answers to these questions have now been provided by the elegant study of Enright et al. [5] , who used a candidate-gene approach to isolate the enzyme responsible for the synthesis of the retinal 2 chromophore. They compared transcriptomes of retinal pigment epithelium from dorsal and ventral bullfrog retina, as well as from zebrafish retina before and after treatment with thyroid hormone, which is known to induce the production of retinal 2 [11] . One candidate gene showed a large difference in expression in both preparations and was identified as the cytochrome P450 family member cyp27c1. This enzyme is present in retinal pigment epithelium, but only in the dorsal retina of bullfrog, and in zebrafish but only after thyroid-hormone treatment. The cyp27c1 gene was then expressed in HEK-293 cells and shown to catalyse the 3,4-dehydrogenase reaction from A 1 forms of all-trans retinol, all-trans retinal, and all-trans retinoic acid. Mutant zebrafish lacking the Cyp27c1 protein were unable to form retinal 2 -based pigments even after thyroid-hormone treatment. Moreover, behavioral measurements showed that thyroidhormone-treated zebrafish were able to detect light in the far-red region of the spectrum, whereas deep red light was invisible to zebrafish which had not had thyroid-hormone treatment or which lacked the Cyp27c1 protein. These results taken together provide compelling evidence that the vitamin A 1 -3,4-dehydrogenase responsible for producing retinal 2 has finally been identified.
This important advance raises many new questions, which should stimulate research for some time to come. As Enright et al. [5] point out, their work leaves unresolved the pathway leading to the synthesis of 11-cis retinal 2 . The substrate for the 3,4-dehydrogenase could be retinol, retinal, or retinyl ester either as 11-cis or as the all-trans isomer. Is the Cyp27c1 protein in the endoplasmic reticulum along with the enzymes that convert all-trans retinol to 11-cis retinal (such as LRAT and the RPE65 isomerase), or is it somewhere else in the RPE? Do melanopsin-containing ganglion cells in freshwater vertebrates also use retinal 2 ? If not, where is the retinal 1 for melanopsin synthesized, and how is it kept separate from the retinal 2 produced by the retinal pigment epithelium? How does thyroid hormone induce Cyp27c1 expression? What is the evolution of Cyp27c1? It is probably present in jawless vertebrates such as lamprey, which are known to synthesize retinal 2 and make retinal 2 -based photoreceptor pigments [12] . Is it found in any of the primitive chordates? What about arthropods, for example in crayfish which are known to use retinal 2 as a chromophore [13] ? The answers to these questions will greatly enrich our understanding of the fascinating role of alternative chromophores in the natural history and physiology of vision.
A new study has decoded which birds become leaders in homing pigeon flocks, finding an unexpected benefit of leadership: faster birds emerge as leaders, and these leaders learn more about their environment than their followers.
Flocks of homing pigeons circling overhead display remarkable feats of coordination (Figure 1 ). These movements are the product of leader-follower dynamics, with some individuals influencing the group's movements more than others [1] . But the explanation to which individuals emerge as leaders within these flocks has remained elusive. 
